INTRODUCTION
TLRs are one of the main groups of pathogen sensors in the innate immune response. They are a group of Class I transmembrane proteins, and 11 occur in humans and 13 in mice. They all sense evolutionarily conserved, microbial PAMPs [1] . TLR signaling ultimately results in the activation of transcription factors such as NF-B and IFN regulatory factors (IRFs), which promote the transcription of proinflammatory cytokines and other proteins that promote host defense [2] . Much of the specificity used by the different TLR pathways is brought about by the use of different Toll-IL-1 receptor (IL-1R) translation initiation region (TIR) domain-containing adaptor proteins (TIRAPs), of which there are currently five known in humans. They are MyD88, MyD88 adaptor-like (Mal; also known as TIRAP), TIR domain-containing adaptor-inducing IFN-␤ (TRIF), TRIF-related adaptor molecule (TRAM), and sterile ␣ and HEAT/armadillo (ARM) motif protein (SARM) [3] . Upon activation, TLRs interact intracellularly with these adaptor proteins via TIR domains, and the adaptor proteins then recruit and activate downstream molecules such as IL-1R-associated kinases (IRAKs) and TNF-receptor-associated factor-6 (TRAF6), which then amplify the signal. The importance of TLR adapters in innate immunity is demonstrated by the recent discovery that the sea urchin, Strongylocentrotus purpuratis, which does not possess an adaptive immune system, has a predicted 222 TLRs and 26 TIR domain-containing adapters [4] .
In this review, we will focus on recent developments concerning Mal, TRAM, and SARM. Mal and TRAM have been shown to be bridging adapters. Mal recruits MyD88 to TLR2 and TLR4, and TRAM recruits TRIF to TLR4. The MyD88 pathway leads to activation of the transcription factors NF-B, IRF1, IRF5, and IRF7. The TRIF pathway leads to activation of IRF3. Mal and TRAM will govern these pathways and as might be expected, are subject to control by covalent modification, which will allow engagement with each pathway, the Trolls on the bridges, which need to be crossed to trigger signaling. We will also discuss recent findings in relation to the fifth adaptor, SARM, which has been shown to inhibit TRIF signaling.
THE REPERTOIRE OF TIR DOMAIN-CONTAINING ADAPTERS
The first TIR domain-containing adaptor to be discovered was MyD88. It was long known to have a role in signaling from the IL-1R [5] and was later discovered to associate with TLRs also [6] . Following the discovery that activation of NF-B, p38 MAPK, and JNK was impaired in MyD88-deficient cells in response to all TLRs, except in the case of TLR3 [7] , investigators sought additional TIR domain-containing adapters. Mal was discovered simultaneously by two groups [8, 9] and was shown to drive NF-B activation. However Mal-deficient cells showed the same phenotype as MyD88-deficient cells in response to LPS, where delayed NF-B activation was evident, and so it was postulated that Mal worked in conjunction with MyD88 on the TLR4 pathway. Activation of NF-B and p38, however, is abolished in Mal-deficient cells in response to TLR2 ligands, and so it was realized that Mal is absolutely required, in conjunction with MyD88, on the TLR2 pathway [10] .
Following this, a third adaptor, TRIF, was discovered, which leads to late activation of NF-B on the TLR3 and TLR4 but not TLR2 pathway [11] , which explains the results found in MyD88 and Mal-deficient cells. The effect of TRIF here is to induce TNF-␣ production via activation of IRF3, with TNF-␣ acting in an autocrine manner to induce the late activation of NF-B [12, 13] . TRIF, however, was found to be unable to interact with TLR4 [14] , and subsequently, a fourth adaptor was found by bioinformatic searches of the databases, which had strong homology to the TIR domain of TRIF and was called TRAM [15] or TIR domain-containing adaptor molecule-2 [16] . This 235 amino acid protein contains a TIR domain in its C terminus, was found to interact with TLR4 and TRIF, and was theorized to act as a bridging adaptor in the MyD88-independent pathway in TLR4 signaling.
More recently, it has been discovered that the fifth TIR domain-containing adaptor, SARM, has a role in the TLR3 and TLR4 pathways in TRIF-dependent signaling [17] . SARM was first identified as a protein containing sterile ␣ motifs (SAM) and ARM motifs [18] . Overexpression of human SARM, unlike the other adapters, did not lead to NF-B activation [19] . The study by Carty et al. [17] demonstrated that overexpression of SARM blocked the induction of TRIF-dependent but not MyD88-dependent genes.
CONTROLLING MAL AND TRAM MEMBRANE LOCALIZATION AND PHOSPHORYLATION
Following the discovery of Mal, investigators initially thought it may function in a similar manner to MyD88 in TLR3 and TLR4 signaling. This activity was, however, later attributed to TRIF. The four adapters can now be thought of in two groups: the signaling adapters MyD88 and TRIF and the bridging adapters Mal and TRAM.
Human Mal (hMal) is a 25-kDa protein, 235 amino acids in length, which contains a TIR domain in its C terminus [8] . It was shown to interact with the TIR domains of TLR4 and TLR2 and also the TIR domain of MyD88 [20] . More recently, it has become clear that Mal serves as a bridging adaptor for TLR4 and MyD88, helping to recruit MyD88 to the plasma membrane, where it can activate downstream signaling components required to bring about the TLR4 response. Mal contains a phosphatidylinositol 4,5-bisphosphate (PIP2)-binding domain in its N-terminus, from amino acids 15 to 35 [21] . PIP2 binding to Mal functions to recruit Mal specifically to PIP2-rich regions in the plasma membrane. Blocking this localization abolishes TLR4-MyD88-dependent signaling. TLR2 and TLR4 are found in the plasma membrane, where PIP2 is enriched [22] . It was shown that Mal recruits MyD88 to the membrane via its TIR domain, and this is required for signaling from TLR4. A mutant construct, which places the PIP2-binding site of another protein, phospholipase C, to the C terminus of MyD88 directs MyD88 to the membrane and restores LPS signaling in MyD88, Mal, and MyD88/Mal double-knockout cells. It would seem then that the sole function of Mal, at least in relation to NF-B activation, is to recruit MyD88 to TLR4-rich regions in the plasma membrane. Perhaps other TLRs recruit MyD88 to distinct compartments via other, as-yet-unknown, mechanisms. It will be interesting to examine the requirement for Mal in recruiting MyD88 in TLR2 signaling and whether or not this process might be PIP2-dependent.
The results from the above study agree with a previous study, which modeled the TIR domains of Mal, MyD88, and TLR4 [20] . In this study, it was shown that the surface charge distribution of the TIR domains of TLR4 and MyD88 is largely electropositive and would therefore repel each other, whereas the surface charge distribution of the TIR domain of Mal is largely electronegative. Thus, Mal may serve to link both proteins in TLR4 signaling. Molecular models of the TIR domains of other TLRs may explain why Mal is not required to recruit MyD88.
The findings of the Kagan and Medzhitov study [21] not only serve to highlight what may be the main function of Mal but also provide insight into lipid metabolism and its regulation in TLR signaling. It was known that synthesis of PIP2 was regulated by ␤2-integrins [23] . The only ␤2-integrin expressed on macrophages is CD11b [24] . The Kagan and Medzhitov study [21] demonstrated that CD11b-deficient cells are hyporesponsive to LPS. It was also shown that the localization of Mal to the plasma membrane by PIP2 binding is dependent on the ␤2-integrin CD11b in macrophages and also on the GTPase ADP ribosylation factor 6 (ARF6), which regulates production of PIP2 via activation of the enzyme PI-5K [25] . ARF6 is activated by integrins. Blocking the activity of ARF6 interferes with TLR4-MyD88-dependent signaling. It is possible then that the enzymes, which regulate the synthesis of PIP2, act as another level of control in TLR signaling. Perhaps their activity is up-regulated upon exposure to pathogens, which modulate a TLR response. These enzymes, however, represent another target for pathogens to manipulate the immune response. It is known that phosphatidylinositol metabolism is targeted widely by a number of microbial pathogens [26] , including Salmonella typhimurium, which produces a phosphatase, SopB, interfering with PIP2 levels. This protein has been shown to interrupt Mal localization and therefore, disrupt TLR4 signaling [21] .
Recently, Mal has been shown to undergo covalent modifications, which regulate its behavior. Gray et al. [27] demonstrated that Mal can be tyrosine-phosphorylated at residues 86 and 187 by Bruton's tyrosine kinase (Btk) following activation of TLR2 and TLR4. This phosphorylation is required for the activation of a pathway culminating in transactivation by the NF-B subunit p65 via phosphorylation on serine 536. It was shown previously that Btk is required in TLR4 signaling to promote transactivation by p65 [28] . In addition to being tyrosine-phosphorylated, Mal is subsequently degraded following stimulation of TLR4 and TLR2 [29] . This degradation is mediated by suppressor of cytokine signaling-1 (SOCS-1), which itself is LPS-inducible [30] . SOCS-1 recognizes a proline, glutamic acid, serine, and threonine-rich area domain (PEST) in Mal, N-terminal to its TIR domain and subsequently, targets Mal for degradation by the addition of ubiquitin to lysine side-chains at amino acid positions 15 and 16. Ubiquitinated Mal is then degraded by the 26S proteasome. Interfer-ing with this process potentiates TLR signaling and particularly results in enhanced NF-B activation and excessive cytokine responses. This SOCS-1-mediated degradation following stimulation of TLR2 and TLR4 requires tyrosine phosphorylation of Mal by Btk. As phosphorylated Mal functions to amplify the signal to NF-B, targeting it for degradation is a good way to limit the TLR response.
Two other studies have provided additional insights into the regulation of Mal. Mansell and colleagues [31] suggested that Mal contains a TRAF6-binding site in its C terminus, from amino acids 188 to 193. It was shown that Mal can bind TRAF6 directly and that mutating this TRAF6-binding site creates a dominant-negative mutant of NF-B activation and activation of MAPKs by TLR2 and TLR4. As MyD88 does not contain a putative TRAF6-binding site, unlike TRIF, which interacts directly with TRAF6 to activate NF-B, the authors speculate that Mal binding to TRAF6 provides a MyD88-independent means of inducing activation of MAPKs and NF-B. MyD88 does, however, bind IRAK-1, which contains a TRAF6-binding site, leading to NF-B activation. It is therefore possible that Mal acts in conjunction with MyD88 to potentiate the signal and cause increased levels of NF-B activation through increased recruitment of TRAF6. This study was the first to suggest a distinct function for Mal independent of MyD88.
Another interesting feature of Mal is its recently discovered ability to interact with caspase-1 [32] , which is an important inflammatory caspase, responsible for cleavage of pro-IL-1␤ into a catalytically active form secreted by cells. A yeast two-hybrid screen using Mal as bait isolated caspase-1 from a splenocyte library. The proteins were shown to interact endogenously. Mal was not required for caspase-1 activation. Instead, it was shown to be a substrate for caspase-1. Processing of Mal was shown to be required for it to activate NF-B. This finding provides an important point of interaction between caspase-1-containing inflammasomes and TLRs. Caspase-1
in the cytoplasmic environment [33] . As TLRs and NLRs may be engaged during infection, the ability of caspase-1 to activate Mal may be an important coordinating point between the two classes of innate receptors. Figure 1 illustrates the domains and amino acids in Mal subject to control during signaling, and Figure 2 presents a Mal cycle to illustrate how Mal might signal during the TLR4 pathway. Although all of these discoveries have increased our knowledge of Mal, it is unclear yet whether these modifications occur solely to modulate its activity as a bridging adaptor or whether any novel MyD88-independent functions of Mal exist.
Regarding TRAM, we have less information about its biochemical regulation. However, there are clear parallels to Mal in terms of membrane localization and phosphorylation. Upon its discovery, TRAM was theorized to act as a bridging adaptor in the MyD88-independent pathway in TLR4 signaling. Recent studies have outlined how this occurs through biochemical modification similar to Mal and underline once again how control of the LPS response is tightly regulated. Rowe et al. [34] demonstrated that human TRAM contains a myristoylation site in its N-terminus from amino acids 1 to 8. Addition of a myristoyl group to TRAM at this site directs TRAM to the plasma membrane, where it colocalizes with TLR4. Interfering with this myristoylation site abolishes MyD88-independent signaling from TLR4. It will be interesting to determine if myristoylation is dynamically regulated during LPS signaling.
Also similar to Mal, McGettrick and colleagues [35] demonstrated that TRAM is phosphorylated following LPS treatment. Mutational analysis revealed that membrane-associated TRAM is phosphorylated at serine 16. This phosphorylation is transient, appearing 15 min following exposure to LPS, peaking at 45 min. However, phosphorylation of TRAM is followed, Fig. 1 . Sequence analysis of hMal and murine Mal (mMal). Protein sequences were downloaded from National Center for Biotechnology Information (NCBI) and aligned using Clustal W. Known domains and sites of interest are annotated. The PIP2-binding site is located from amino acids 15 to 35. Lysines 15 and 16 are putative residues to which SOCS-1 attaches ubiquitin. The PEST domain is found between the PIP2-binding site and the TIR domain. Tyrosines 86 and 187 are phosphorylated by Btk. Serine 180 is mutated to leucine in a relatively high frequency of the population, and heterozygosity at this locus offers protection to infectious disease. Mal also contains a TRAF6-binding site and a caspase-1 cleavage site in its C terminus. similar to Mal, by its apparent dissociation from the plasma membrane. It is tempting to speculate that TRAM, in this case, is degraded similarly to Mal, in an effort to limit the LPS response. However, the phosphorylation event also seems to be critical in MyD88-independent LPS signaling, as inhibition of phosphorylation and overexpression of a S16A TRAM mutant inhibited activation of IRF3 by LPS. The kinase responsible for phosphorylation of TRAM was found to be protein kinase C ε (PKCε), which was known to have a role in LPS signaling [36] , and its activation by other signaling molecules such as diacyglycerol [37] may again provide another level of control in the LPS response.
Analogous to Mal, therefore, the role of TRAM as a bridging adaptor in TLR4 signaling is now understood more clearly. A model for TRAM signaling is shown in Figure 3 . It is unclear yet as to whether TRAM has any other functions, apart from its role as a bridging adaptor for TRIF in TLR4 signaling. The C-terminal TIR domain is highly conserved across species. Sequence similarity is also seen in the N-terminus of human, mouse, rat, cow, and dog TRAM, and the chimpanzee and macaque TRAM orthologs possess longer N-termini. The myristoylation site and serine 16 are absolutely conserved across the human, mouse, rat, cow, and dog. TRAM has a potential PEST domain located from amino acids 41 to 63 in murine, bovine, and canine TRAM. These features are illustrated in Figure 4A . Although the myristoylation site is not conserved in chimpanzee or macaque TRAM, analysis of their protein sequences by InterPro [38] revealed they may possess GOLD domains, which are commonly found in lipid or membraneassociated proteins and in this case, may function similarly to the myristoylation site to direct TRAM to the membrane. In addition, these TRAM orthologs possess signal peptides in their N-termini, which include a transmembrane region. These features are illustrated in Figure 4B .
Finally, TRIF-dependent signaling cannot only be manipulated by modification of TRAM but also by the action of SARM. As stated above, overexpression of SARM was shown to have an inhibitory effect on TRIF-dependent signaling [17] . The SARM protein interacts with TRIF, and this interaction requires its TIR domain. This interaction is weak in untreated cells but is enhanced by LPS or dsRNA treatment. SAM motifs are required for inhibition to occur. Whether inhibition occurs simply through sequestering of TRIF, preventing it from interacting with downstream signaling components, or whether SARM recruits other proteins to the TRIF-SARM complex via its SAM motifs is still unknown. It was also shown that treatment of cells with LPS enhances SARM expression, and it has been speculated that following TLR4 activation, SARM levels increase in cells and eventually bind TRIF to limit the LPSdriven response. In addition, deletion of the N-terminus of SARM enhances its inhibitory function but reduces its sensitivity to LPS-induced expression. SARM may be inherently unstable as a result of motifs in the N-terminus, which following LPS treatment, become more stable, allowing it to interact with TRIF to bring about its inhibitory function. Whether this ligand-induced enhancement of the SARM-TRIF interaction is a result of increased SARM expression or conformational changes in the SARM protein remains unclear.
POLYMORPHISMS IN THE ADAPTERS
A final, interesting, recent finding in relation to Mal is that genetic variation in the population may predispose individuals to infection. A study by Hawn et al. [39] genotyped Mal in a Vietnamese population in healthy control groups and in a population, which had suffered from tuberculosis (TB). They found four mutant alleles, two of which alter the amino acid sequence of Mal. One of these, the C539T or S180L allele, is associated with increased susceptibility to TB. The two variants, which do not alter Mal amino acid sequence, are also associated with increased susceptibility to TB. Blood was taken from patients homozygous for one of these alleles, C558T, and stimulated with TLR2 and TLR4 ligands. Levels of IL-6 were found to be decreased in these patients. It is unclear yet how these synonymous mutations lead to an altered phenotype, although it is likely that in the patients tested, the C558T allele is in linkage with some other functional mutation.
In another study, the frequency of multiple Mal mutations was examined in several populations in cases of pneumonia, malaria, bacteraemia, and TB [40] . It is striking that a particular variant, in which serine at Position 180 is mutated to leucine, conferred protection in all of these diseases. In heterozygotes, the risk of disease is halved. Moreover, homozygotes for the leucine variant are absent in the African and Vietnamese populations, and they are present at low frequencies in the Caucasian populations. Biochemical evidence demonstrated that the leucine variant cannot reconstitute TLR2 Fig. 3 . TRAM as a bridging adaptor in TLR4 signaling. i) TRAM is produced in the cytoplasm. ii) TRAM is myristoylated in its N-terminus and becomes attached to the membrane in association with TLR4. iii) During infection, LPS, derived from gram-negative bacteria, binds TLR4 dimers. iv) This leads to the recruitment of TRIF to the TRAM/TLR4 complex. TRIF then interacts with downstream signaling molecules such as Tank-binding kinase-1, which phosphorylates and activates the transcription factor IRF3. TRIF also interacts with TRAF6 and receptor-interacting protein-1, which brings about the activation of NF-B. v) By an as-yet-unknown mechanism, PKCε is activated in response to LPS. vi) PKCε phosphorylates TRAM at serine 16. This phosphorylation event is required for signaling. vii) This phosphorylation event may also cause TRAM to leave the membrane. viii) With TRAM depleted from the membrane, TRIF no longer interacts with TLR4 and also leaves the membrane. This disrupts the signaling pathway and limits the response to LPS. TLR4 is also degraded at this point. Resynthesis of TRAM will allow the cycle to continue. signaling in Mal-deficient cells. The serine 180 residue is found in the TIR domain of Mal near an area-the DD loop. The leucine 180 variant of Mal is unable to interact with TLR2. It would seem that the protective heterozygote state results in reduced signaling, whereas serine 180 homozygotes have an overactive, immune response, which is thought to render individuals more vulnerable to developing severe forms of malaria and bacterial disease. Leucine homozygotes, conversely, have little or no signaling and cannot mount an appropriate immune response. The low frequency of these in the populations studied adds weight to this theory. The attenuated signaling seen in the heterozygotes may therefore be the appropriate level of response required and may explain why it is advantageous and maintained in the population. Taken together, these results underline for the first time the importance of Mal in the innate response to infection in humans and validate TLR2 as a particularly important receptor for host defense in humans.
Analysis of the Single Nucleotide Polymorphism (SNP) database [41] reveals that the genes for the TIR domain-containing adapters are polymorphic. These data are presented in Table 1 . It is significant that Mal seems to be the most polymorphic of the five adapters. This may be a result of the selective pressures associated with susceptibility to infection in different populations. This underlines the importance of Mal in the host response to infection in humans. There is only one reported polymorphism for TRAM in the human population Sequences were downloaded from NCBI and alignment performed using Clustal W. The myristoylation site is illustrated from amino acids 1 to 8. Potential PEST domains were discovered using the PESTfind analysis webtool, available at EMBnet Austria. Serine 16, which is phosphorylated by PKCε, is indicated. The highly conserved TIR domain is also shown in the C terminus. (B) Amino acid alignment of TRAM orthologs. Shown are TRAM from the macaque, Macaca mulatta, and the chimpanzee, Pan troglodytes. Sequence analysis was performed using the InterproScan sequence search tool, available at the European Bioinformatics Institute. A possible signal peptide sequence and GOLD domain are indicated. These are not found in other species' TRAM. These species do not possess a myristolylation site, and in this case, the GOLD domain may function in a similar manner to direct TRAM to the membrane.
reported in the SNP database, and it does not alter the amino acid sequence of the protein. In addition, one report suggests that the SARM gene contains many SNPs, including mis-sense point mutations as well as insertions and deletions [42] . The SARM1 gene lies 600 Kbp to the NO synthase 2A locus, which was shown in a previous study to be associated with TB susceptibility [43] . Whether this association is a result of linkage with polymorphisms in SARM1 remains unclear.
CONCLUSIONS
Recent work on the adaptor proteins Mal, TRAM, and SARM has shown that the TLR4, TLR2, and TLR3 responses are tightly regulated by a variety of biochemical mechanisms. These controls highlight the importance of regulating TLR signaling, which if uncontrolled, can lead to disease. Several questions remain however.
Why does MyD88 require a bridging adaptor in the form of Mal for TLR2 and TLR4 signaling? It may be that Mal directs MyD88 to PIP2-rich regions, where TLR2 and TLR4 are also found. In addition, the question arises as to why TLR4 signaling via TRIF requires TRAM as a bridging adaptor, whereas TLR3 signaling, which occurs at endosomes, does not require TRIF. Again, subcellular localization may explain this. As stated before, another explanation for the requirement of bridges in TLR2 and TLR4 signaling may be the surface charge complementarity of the TIR domains involved, TLR2 and TLR4, which may be different from those of others in that they possess a positive surface charge, similar to MyD88 [20] , and thus require adapters with negative surface charges in their TIR domains to link them to the signaling adapters. Further structural studies of the TIR domains of TRIF, TRAM, and TLR3 as well as other TLRs will be required to confirm this.
One advantage of using distinct adapters for TLR2 and TLR4 signaling is that these responses can be modulated easily by targeting these adapters without modifying the activity of the universal adaptor MyD88. In this way, TLR2 and TLR4 responses can be controlled without affecting other responses. Similarly, targeting TRAM as a limiting factor in TLR4 signaling provides a method to control TLR4 signaling without affecting TLR3 signaling, which requires TRIF solely. Similarly, use of SARM as a negative inhibitor of TLR3 and TLR4 signaling provides a unique method to limit these responses without affecting other TLR responses. It can then be said that not only does differential adaptor use lead to specificity in the TLR response but also leads to specific control of each pathway. 
